Abstract. The present study intended to observe the homing capability and therapeutic effect of CXC chemokine receptor 4 (CXCR-4) gene overexpressed bone marrow mesenchymal stem cells (BMSCs) on colitis, and to study the possible mechanisms involved. BMSCs were derived from male BALB/c mice and CXCR-4 gene was transfected into BMSCs by the utilization of the lentiviral vector. The expression of CXCR-4 gene was analyzed and the biological characteristics, and vitality of BMSCs and CXCR-4 gene overexpressed BMSCs (CXCR-BMSCs) were detected. The chemotaxis assay was performed to investigate migration in vitro. Colitis was induced by TNBS in female BALB/c mice. BMSCs and CXCR-BMSCs were injected into experimental models intravenously. The homing of cells was confirmed by fluorescence observation and Sry gene detection. Clinical manifestation and histological changes were also evaluated. The expression levels of occludin and vascular endothelial growth factor (VEGF) were detected to measure mucosal repair. Furthermore, CXCR-4 gene was successfully transfected into BMSCs by the utilization of lentiviral vector. Results indicated that overexpression of CXCR-4 gene did not influence the biological characteristics and vitality of BMSCs, but enhanced the capability of migration and homing of BMSCs in vitro and in vivo. Notably, CXCR-BMSCs had an improved effect on treating colitis, and the expression levels of Occludin and VEGF were higher. The results suggested that overexpression of CXCR-4 gene may enhance BMSC homing to damaged intestinal mucosa and their curative effect on colitis. The present findings indicated that using lentiviral vector to transfect CXCR-4 gene into BMSCs may be a potential method to improve the outcomes of BMSCs treatment on inflammatory bowel disease.
Introduction
Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn's disease (CD), are common diseases in Europe and North America. However, according to a recent epidemiologic data (1), IBD is becoming increasingly common in Asia. Therefore, more attention and health care resources on IBD would be required around the world.
The mechanism of IBD is considered to be closely related to genetic, immunological and environmental factors. Several therapies, including novel medicine, biologic treatment, stem cell transplantation etc., have treatment effects since they are relevant to disease initiation, progression or both. Stem cell transplantation has been considered as an effective therapy of IBD, especially in refractory patients with CD who have no other therapeutic options (2) .
Mesenchymal stem cells (MSCs) are undifferentiated cells that have the unique potential to develop into many different cell types in the body as well as the function of immunomodulation. Therefore, these cells have emerged as leading candidates for regenerative treatment and shown great promise in numerous clinical trials (3, 4) . The key process of tissue repair is as follows: Activated by several inflammatory cytokines and chemokines, MSCs migrate to sites of damaged location (5, 6) , and then modulate the immunological function and repair the damaged part.
However, a significant barrier to the effective implementation of MSCs therapy is the inability to target these cells to tissues of interest with high efficiency and engraftment (7) . Therefore, researches on promoting migration and engraftment of MSCs to target tissue have been the focus of attention. Several methods, including cell surface modification, nanoparticles and advanced biomaterials (8) packing, have been used to enhance the ability to migrate.
The stromal-derived factor-1 (SDF-1) plays an essential role in stem cell homing by recruiting the progenitor cells that express its cognate receptor, CXC chemokine receptor 4 (CXCR-4). This role of SDF-1 has been confirmed in several researches (9) (10) (11) (12) . It is the theoretical foundation of CXCR-4 gene overexpressed MSCs that improve their homing capacity. As more MSCs migrate to the damaged location, the effect of repair becomes more remarkable. In this study, we used a lentiviral gene vector as a carrier to deliver CXCR-4 gene into MSCs to make this gene overexpress further. We examined the effects of CXCR-4 overexpressed MSCs migration in vitro as well as the capability of homing and repairing after transplantation of these cells in vitro.
Materials and methods
Mice. Four-to eight-week-old male BALB/c mice provided by the Research and Technology Service Center, 302 Hospital of PLA (Beijing, China) were were group-housed under controlled temperature (26˚C) and a 12-h light/dark cycle, fed standard mouse chow and clean water. The mice were maintained under specific pathogen-free conditions and allowed to acclimatize for 1 week prior to the commencement of experimental work. All animal experiments were approved by the Animal Ethics Committee of the Animal Facility of Chinese PLA General Hospital (Beijing, China).
Isolation and culture of mice bone marrow mesenchymal stem cells (BMSCs).
Bone marrow (BM) cell suspension was obtained by flushing marrow cavity of four-to five-week-old male mice with α-minimum essential medium (α-MEM; HyClone; GE Healthcare Life Sciences, Logan, UT, USA). Then, the BM cells were cultured with α-MEM containing 10% heat-inactivated fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences) and penicillin-streptomycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Cells were cultured at 37˚C in a 5% CO 2 humidified incubator. To acquire putative BMSCs, non-adherent cells and tissue debris were removed by phosphate-buffered saline (PBS) washing after 72 h (13). The culture medium was changed every 3 days until the cell density reached about 90%. BMSCs were detached by 0.25% trypsin containing 0.02% EDTA (HyClone; GE Healthcare Life Sciences) and expanded. All BMSCs were utilized for subsequent experiments.
To better observe the BMSCs, cells were labeled by cell tracker. The methods were as follows: BMSCs were suspended at a density of 3x10 6 /ml with α-MEM. Every 1x10 6 cells were incubated with 3 µl CM-Dil (1 µg/ml) (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C for 5 min then 4˚C for 15 min. Cells were washed twice and suspended by α-MEM.
Transfection of CXCR-4 gene. A lentiviral vector with both
Mice CXCR-4 gene and Luciferase report gene was used. All operation associated with this lentiviral vector, including the design, construction and detection, were performed by Shanghai Genechem Co., Ltd. (Shanghai, China). Virus aliquots were suspended in PBS and stored at -80˚C until needed. Samples were diluted 1:1 before viral titers were measured.
The transfection processes were modified according to the Ricks' method (14) . BMSCs at passage 3 were cultured in 12-well plates at a density of 5x10 3 cells in 2 ml of α-MEM containing 10% FBS per well. After 24 h plating, transfection was carried out at 20 multiplicity of infection (MOI) in the presence of 2 µg/ml Polybrene (Sigma-Aldrich; Merck KGaA). Cells were cultured in incubator for 10 h, then the transfection medium was replaced with fresh α-MEM containing 10% FBS. The absorbance of CXCR-4 gene transfected BMSCs (CXCR-BMSCs) was quantified with a luminometer (Lonza, Switzerland) according to the manual. To detect the viability and the capability of differentiation about CXCR-BMSCs, cells were sequentially expanded thereafter and were used for the next experiment. 
Analysis of the CXCR-4 gene expression in CXCR-

Identification of biological characteristics of BMSCs. Flow cytometry analysis and experiment about differentiation of BMSCs were applied to identify BMSCs.
Flow cytometry analysis. Two groups of cells, BMSCs group and CXCR-BMSCs group, were trypsinized, inactivated with FBS and washed twice with PBS. These cells were suspended in 100 µl PBS and incubated at 4˚C for 20 min with PE-conjugated anti-mouse CD90.2 (BD Biosciences, Franklin Lakes, NJ, USA), Alexa Fluour-conjugated anti-mouse CD105 (BD Biosciences), PE Cy™-conjugated anti-mouse CD11b (eBioScience; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and FITC-conjugated anti-mouse CD45 (BD Biosciences) as described previously (13) .
Experiment on differentiation of BMSCs. The function of
BMSCs differentiation into osteogenic and adipogenic lineages was examined to illustrate the biological characteristics of BMSCs (15) . Two groups of cells were planted separately in 24-well plates with the concentration of 2x10 4 cells/well. All details about experiment and detection of BMSCs differentiation into osteogenic and adipogenic lineages were as previously described (13) .
Cell viability evaluation. Viability of two groups of cells was confirmed by Trypan Blue staining exclusion. The numbers of live cells and dead cells were counted and the rate of living cell calculated. Living cell rate (%) = (living/total cells) x 100%.
Migration assay in vitro.
To investigate the migration ability of these two groups of cells, a chemotaxis assay was performed by the utilization of 24-well plate transwell chamber with 8 µm pore filters (Corning International Co., Tokyo, Japan). Two groups of cells were plated in the upper chambers with 2x10 5 cells/ml in 200 µl of FPS free α-MEM containing 0.1% BSA, and the lower chambers with 600 µl recombinant mouse SDF-1α (50 ng/ml). The whole transwell chamber was set at 5% CO 2 , 37˚C for 10 h. The migrated cells on the lower side of the filter was stained by crystal violet and their number was determined by two independent observers by counting three random fields per well using an Olympus BH-2 microscope (Olympus, Tokyo, Japan; magnification, x200).
Mice colitis model and BMSCs transplantation.
Six-to eight-week-old female BABL/C mice were randomly assigned into four groups: Control group (Ctr group), colitis model group (T group), BMSCs transplantation group (MT group) and CXCR-BMSCs transplantation group (CMT group), n=12/group. Colitis was induced by 2.0 mg TNBS/50% ethanol enema (Sigma-Aldrich; Merck KGaA), as previously described (13) . At 24 h after the colitis model was established, mice in MT group and CMT group were injected 1x10 6 cells in 100 µl PBS via tail vein. Mice in Ctr group and T group were given pure PBS in the volume equivalent to the PBS of MT group and CMT group. The body weight and Disease Activity Index (DAI) of mice in each group were recorded and calculated. Mice were respectively sacrificed at the 3rd, 5th, 9th, 13th day after BMSCs transplantation. The sections of tissues were H&E-stained to assess the severity of inflammation in colitis.
Identification of homing of BMSCs. Observation of BMSCs with red fluorescence and detection of mouse Y-chromosome (Sry) gene in colon mucosa were applied to identify the homing of BMSCs.
Fluorescence observation. The sections of colonic specimens were observed with fluorescent microscopy (Olympus).
Sry gene detection. Whole DNA was extracted from colon tissues in each group by the utilization of Total DNA Kit (SinoGene Scientific Co., Ltd., Beijing, China) according to the manual. The sequences of primers for PCR were as follows: Mouse Sry, 5'-TCG GAG GGC TAA AGT GTC-3' (forward), and 3'-TCT TGC CTG TAT GTG ATG G-5' (reverse). The conditions and processes of PCR amplification were as follows: Pre-denature at 94˚C for 3 min, then 30 cycles of denature at 94˚C for 20 sec, annealing at 58˚C for 20 sec, and extension at 72˚C for 30 sec. qPCR crossing threshold (Ct) values were obtained during the exponential amplification phase and Prizm4 was used to analyze data.
Immunohistochemistry. Immunohistochemistry was performed to detect the expression of occludin and vascular endothelial growth factor (VEGF) in colon mucosa. The conditions and processes of immunohistochemistry were as follows: The slices of 4 µm formalin-fixed and paraffin-embedded colon sections were respectively incubated with a rabbit anti-mouse primary antibody to Occludin (1:200, ab64482; Abcam) and a rabbit anti-VEGF antibody (1:200, bs-0279R; Bioss, Beijing, China) at 4˚C overnight, after washed with PBS 3 times, the slices were incubated with a goat anti-rabbit secondary polyclonal antibody (1:1,000, cat. no. ZDR-5306; ZSGB-Bio, Beijing, China) at 37˚C for 30 min, the samples were finally lightly stained with H&E and examined.
Statistical analysis. Data were represented as mean ± standard deviation. The t-test was used for comparison between two groups. Statistical comparisons were performed using one-way ANOVA followed by Tukey's post hoc test by SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Transfection of CXCR-4 gene in BMSCs.
The absorbance of samples from BMSCs and CXCR-BMSCs was quantified to illustrate the existence of CXCR-4 gene in these cells (Fig. 1A) . The luciferase report gene absorbance was low in BMSCs, but significantly high in CXCR-BMSCs (P<0.05).
RT-qPCR was performed to detect CXCR-4 gene expression in BMSCs. The mRNA transcription level in BMSCs (P4) was low, but significantly high in CXCR-BMSCs. The result indicated that the expression of CXCR-4 gene in CXCR-BMSCs (Fig. 1B) was significantly higher than that in BMSCs (P<0.05).
Biological characteristics of BMSCs and CXCR-BMSCs.
Comparing the morphological characteristics of BMSCs and CXCR-BMSCs on the same passage, we found that all cells were long spindle and arranged closely ( Fig. 2A and B) . The cell membrane of both BMSCs and CXCR-BMSCs presented red under the green fluorescence observation after being marked by CM-Dil (Fig. 2C and D) .
Cell phenotype of the BMSCs and CXCR-BMSCs were authenticated by flow cytometry. The expression of bone marrow progenitor cell marker CD90 and CD105 were positive, while the expression of amonocyte/macrophage marker CD11b and pan leukocyte marker CD45 were negative. Details were as follows: The expression of CD90 (92.29%) and CD105 (99.30%), CD11b (19.07%) and CD45 (8.86%) in BMSCs; the expression of CD90 (88.79%) and CD105 (99.68%) b, CD11b (17.87%) and CD45 (10.37%) in CXCR-BMSCs (Fig. 3) . It demonstrated that BMSCs were cultured successfully and transfection of CXCR-4 gene had no impact on the cell phenotype.
The capability of differentiation into osteoblasts and adipocytes is a crucial biological feature of MSCs. After the culturing with osteogenic medium for 3 weeks and alizarin red staining, mineralized nodules were formed and could be observed in both two groups of cells ( Fig. 4A and B) . Red fat particles could also be observed after cells were induced with adipogenic medium for 8 days and stained by Oil Red O (Fig. 4C and D) .
Cell viability of BMSCs and CXCR-BMSCs.
The DNA of inanimate cells can be stained by Trypan Blue, but living cells with completed membrane can inhibit this function. By counting the numbers of live cells and dead cells, the rate of living cell can be calculated. In both groups, rates of living cell were above 93% and no statistical difference (Fig. 5) . It demonstrated that transfection of CXCR-4 gene had no influence on the viability of BMSCs.
CXCR-4 promotes the migration of BMSCs to SDF-1 in vitro.
The cells stained by crystal violet on the lower side of the filter in both groups (Fig. 6) were counted and compared. The results showed that the number of CXCR-BMSCs migrating to SDF-1 was more than that of BMSCs (P<0.05).
CXCR-4 promotes the homing of BMSCs to damaged intestinal mucosa.
Red-labeled BMSCs on the injured colon were observed in both MT and CMT group (Fig. 7A and B) . No red fluorescence was seen in T group.
Sry gene was related to Y-chromosome in male. Through the detection of Sry gene in colon tissue, the situation of BMSCs homing to damaged intestinal mucosa can be reflected. The results showed the existence of Sry gene in both MT and CMT group, and the relative expression of sry gene in CMT group was more than that in MT group (P<0.05). Besides, there was no expression of Sry gene in T group, in which the female mice were not injected the BMSCs isolated from the male mice (Fig. 7C) .
CXCR-4 overexpression BMSCs cure TNBS-induced colitis better.
Clinical manifestation associated with colitis, such as weight loss, diarrhea, loose stools, even gastrointestinal bleeding, were observed in groups in which the mice accepted enema with TNBS. The DAI was calculated according to the Clinical scoring standard (Table I) , which was modified from the Cooper's scoring method. All manifestations were improved after injection with two kinds of BMSCs after 2 days Fig. 8A and B) . Compared with the normal colon mucosa in Ctr group, more serious inflammation and mucosa damage were observed in T group (Fig. 8C-a and -b) . Damaged mucosa rehabilitated predominantly after BMSCs and CXCR-4 gene overexpressed BMSCs transplantation, especially in the latter one (Fig. 8C-c and -d) .
CXCR-4 gene overexpressed BMSCs promotes the repair of damaged intestinal mucosa.
Occludin, one of the tight junction proteins, is critical to protecting the integrity of intestinal mucosa. There were different amounts of Occludin expression in each group (Fig. 9A-a-d) , with the least expression in T group, the most expression in CMT group, and the expression in MT group less than that in CMT group. VEGF promotes the repair of damaged intestinal mucosa by accelerating the growth of vessels. There were different amounts of VEGF expression in each group (Fig. 9B-a-d) , with the least expression in T group, the most expression in CMT group, and the expression in MT group less than that in CMT group.
Discussion
Several studies and clinical trials have been performed worldwide to present the advantages of stem cell therapy in treating a variety of diseases. MSCs transplantation has also been proposed as a promising strategy for IBD treatment (16, 17) and BMSCs have become an ideal candidate for cell transplantation owing to their biological characteristics (18) . However, the therapeutic effect of BMSCs transplantation is limited because the efficiency of cell homing to the damaged tissues is low (19) . This low efficiency has been found in the previous study (13) . Thus, finding a proper method for BMSCs to improve the capacity of homing is crucial to a successful cell therapy. Several studies have confirmed that SDF-1 can be expressed/secreted by several tissues/organs in the body (9) and up-regulated in stressed or injured tissues (20, 21) and the CXCR4 is the specific receptor of SDF-1. Thus, SDF-1/CXCR4 axis plays a key role in promoting the migration and homing of stem cells to target site. In this study, CXCR-4 gene was carried by lentiviral vector and transfected to BMSCs in order to make it overexpress. The CXCR-4 gene overexpression in CXCR-BMSCs was confirmed by qPCR technology.
The function of BMSCs in promoting damaged tissues regeneration is the basis of repairing injured mucosa, which is intrinsically related to the biological characteristics of BMSCs. Therefore, the features of both BMSCs and CXCR-BMSCs were detected by morphology, cell phenotype and capability of differentiation. A series of related experiments have proved that the overexpression of CXCR-4 on BMSCs has no influence on original biological features and viability of BMSCs themselves.
Migration and homing of CXCR-4 gene overexpressed BMSCs were detected and compared with those of common BMSCs in vitro and vivo. Migration assay was performed and the results demonstrated that CXCR-4 gene overexpressed BMSCs were easier to migrate. In vivo, two groups of cells were transplanted into the TNBS-induced colitis model. The number of CXCR-BMSCs homing to the damaged intestinal mucosa was much more than that of BMSCs, which was confirmed by observation of red fluorescence and detection of Sry gene. Besides, clinical manifestation, including the variation of body weight and DAI, also proved that the curative effect of CXCR-4 gene overexpressed BMSCs on colitis was better than that of common BMSCs. At present, there are two methods for colitis animal models construction: One is DSS oral method, and the other is TNBS enema method. Because we used enema method in the experiment, and feces of mice will lead to a greater impact on enema effect. Therefore, mice underwent fasting for 36 h before the enemata and back to eat after enamata. The enama was not conducted every day for 12 days (day 0-12). It was only done once at day 0. For small mammals, eating or not in a short period of time has great impact on the weight, so after enema (back to eating) the weight would rise, which apparently is related to the resumption of eating. In addition, because 'weight' itself is a dynamic index, lack of convincing. In order to better explain the occurrence of symptoms and remission of symptoms after treatment, so we use the disease activity score (DAI). The DAI score prove the successful construction of the model. And we know that tissue damage is able to self-repair. With the body self-healing, even the module DAI score is also showing a downward trend, this is the objective reality.
Available evidence has indicated that BMSCs accumulate in injured colon and there are several potential mechanisms for BMSCs to have the therapeutic effect on colitis, including mucosa repair, immunomodulation and so on. In this study, the expression of Occludin was detected to reflect the tight junctional protein production after BMSCs transplantation, and tight junctional proteins are associated with maintaining the integrity of epithelium (22), which is essential for the physiologic function of intestinal mucosa. Besides, BMSCs can secrete angiogenic cytokines including bFGF and VEGF (23) , which are beneficial to the growth of vessels to promote the repair of damaged mucosa.
In conclusion, the number of BMSCs located at the target site has great influence on the therapeutic effect. Therefore, improving the homing of BMSCs is crucial. SDF-1, a common cytokine presented on the inflamed colonic tissues, can specifically combine with CXCR-4. This provides a theoretical foundation for improving the curative effect by transplantation of CXCR-4 gene overexpressed BMSCs. In this study, we used lentiviral vector to transfect the CXCR-4 gene into BMSCs and made it overexpress. Our study demonstrated that CXCR-4 gene overexpressed BMSCs could enhance BMSCs homing to damaged intestinal mucosa and have better effect on treating colitis. In addition, some studies have used selectin, cell adhesion molecules or peptide ligands to modify stem cells, so as to increase homing ability (24) (25) (26) . Compared with other methods, CXCR-4 gene overexpressed BMSCs method mediated repair procedure based on BMSCs, which has good operability and repeatability (27) . We consider that this decoration to BMSCs might be a potentially novel method to improve the outcomes of BMSCs treatments on IBD.
